Abuse during early life, especially from the caregiver, increases vulnerability to develop later-life psychopathologies such as depression. Although signs of depression are typically not expressed until later life, signs of dysfunctional social behavior have been found earlier.
Introduction
Clinical and basic research converge to demonstrate that earlylife adverse experiences such as abuse or maltreatment significantly increase predisposition to psychopathologies, including depression (Sánchez et al., 2001; Connor et al., 2003; Gunnar, 2003; Pollak, 2003; Teicher et al., 2003; Zeanah et al., 2003; Cicchetti and Toth, 2005; Stovall-McClough and Cloitre, 2006; McEwen, 2008; Cirulli et al., 2009; Heim et al., 2009 ). However, the onset of most psychopathologies does not occur until later in life, generally around adolescence (Costello et al., 2002; Andersen and Teicher, 2008; Paus et al., 2008; Zahn-Waxler et al., 2008) . Moreover, clinical research shows that later-life depression is usually associated with childhood social behavior dysfunction (Mason et al., 2004; Letcher et al., 2009; Mazza et al., 2009) . Overall, the literature suggests that the effects of early-life adversities are enduring, although expressed as social behavior deficits early on with a larger spectrum of psychopathology emerging as the organism matures.
In humans, the amygdala is implicated in both depression (Teicher et al., 2002; Bremner, 2003; McEwen, 2003; Ressler and Mayberg, 2007; Savitz and Drevets, 2009; Sibille et al., 2009 ) and social behavior deficits (Adolphs et al., 1998; Baron-Cohen et al., 1999; Bachevalier, 2000; Howard et al., 2000; Amaral et al., 2003; Haas et al., 2009; Paul et al., 2009) . Additionally, clinical research identifies abnormal amygdala function with social behavior deficits and later-life depressive-like behaviors in abusive attachment (Heim and Nemeroff, 1999; Teicher et al., 2002 Teicher et al., , 2003 . These clinical results have been replicated in animals through early-life adversity research also showing amygdala dysfunction with depressive-like behavior and social behavior deficits (Huang and Lin, 2006; Sabatini et al., 2007; Kuramochi and Nakamura, 2009; Sevelinges et al., 2011) .
Here, we use two different but complementary rodent models of early-life abuse to examine the amygdala's role in the ontogeny of depressive-like behavior. The first is a naturally abusive paradigm where the mother handles her pups roughly when provided with insufficient bedding for nest building (Roth and Sullivan, 2005; Ivy et al., 2010; Raineki et al., 2010 ). The second model uses an infant olfactory classical conditioning paradigm where odor-shock pairings produce an odor with the same value as the natural maternal odor (Raineki et al., 2010) . The deaf and blind pup uses the natural and experimentally learned maternal odors for approach, social behavior, and nipple attachment, and these odors produce a robust olfactory bulb response (for review, see Sullivan and Holman, 2010) . In both models, early social behavior appears to be spared during the first days of life, although stress uncovers dysfunctional social behaviors with the mother as well as enhanced amygdala activity, suggesting trauma-induced neural changes. By adulthood, however, neurobehavioral dysfunction in the amygdala-dependent fear system emerges (Sevelinges et al., 2007 (Sevelinges et al., , 2011 Moriceau et al., 2009 ). Here we document the ontogeny of behavioral changes throughout later infancy and adolescence following these two models of early-life abuse. Similar to findings in the clinical literature, we hypothesize that dysfunctional social behavior during preweaning age [postnatal day 20 (P20)] may serve as an indicator for later adolescent (P45) onset of depressive-like behaviors and amygdala dysregulation.
Materials and Methods

Subjects
We used male and female Long-Evans rats born and bred in our colony (originally from Harlan Laboratories). Animals were housed in polypropylene cages (34 ϫ 29 ϫ 17 cm) with an abundant amount of wood shavings for nest building, and kept in a 20 Ϯ 1°C environment with a 12 h light/dark cycle. Food and water were available ad libitum. The day of birth was considered P0, and litters were culled to 12 pups (6 males and 6 females) on P1. No animal was used in more than one test or age, and all behavioral tests were performed in the beginning of the afternoon. All animal care and experimental procedures were approved by the Institutional Animal Care and Use Committee, which follows the guidelines from the National Institutes of Health.
Infant abuse paradigms
Abusive mother paradigm. The mother and her pups were housed in a cage with limited (1.2 cm layer) nesting/bedding material from P8 to P12. This limited bedding environment decreased mothers' ability to construct a nest, which resulted in frequent nest building, spending more time away from the nest, rough handling, and stepping on pups. Consequently, pups spent less time nursing and had increased vocalizations (Table 1) . This procedure has previously been used in our laboratory (Roth and Sullivan, 2005; Raineki et al., 2010) and is based on the Baram laboratory procedure (Gilles et al., 1996; Avishai-Eliner et al., 2001; Ivy et al., 2010) .
Olfactory classical conditioning paradigm. Beginning at P8, pups were fear conditioned daily for 5 consecutive days. Pups were placed in individual 600 ml beakers and were given a 10 min acclimation period before conditioning to recover from experimental handling. During a conditioning session, pups received 10 pairings of a 30 s peppermint odor with 0.5 mA hindlimb shock during the last 1 s of odor, with an intertrial interval of 4 min. The odor (peppermint, McCormick) was delivered by a flow dilution olfactometer (2 L/min flow rate) at a concentration of 1:10 peppermint vapor. After conditioning, pups were returned to the home cage Raineki et al., 2010) .
Control group. The mother and her pups were housed in a cage with abundant (5-7 cm layer) nesting/bedding material from P8 to P12, during which time they were not disturbed. This environment permits the mother to build a nest and spend most of her time (ϳ75%) inside the nest caring for pups.
Social behavior test
Preweaning (P20) and adolescent (P45) social behavior was tested in a two-chamber apparatus (45.5 ϫ 30.5 ϫ 45 cm) built out of black Plexiglas sheets for the sides and a clear Plexiglas bottom to form an open-top box. A black Plexiglas division (29.5 ϫ 23 cm) separated the two chambers and a square opening (8 ϫ 6 cm) allowed animals to move between chambers. Two metal cubes (6 ϫ 6 ϫ 6 cm) with circular holes (1 cm) placed 1 cm apart in each of the four sides and a metal grid with 0.5 cm openings 0.5 cm apart on the top were placed in each chamber during an acclimation period of 5 min. At the end of the acclimation period, the rat was removed from the testing chamber and a younger, same-sex animal was placed inside of the metal cube in the social stimulus chamber (right chamber). The testing rat was placed in the chamber without social stimulus (left chamber), and time spent in each chamber and the number of times that the rat crossed from one chamber to another was recorded for 10 min.
Forced swim test
Preweaning (P20) and adolescent (P45) depressive-like behavior was tested in a cylinder (30 ϫ 24 ϫ 47.5 cm) filled with water (25 Ϯ 1°C and changed for each test) to a depth and size that would prevent both escape and the tail touching the bottom in an age-appropriate manner. The forced swim test was performed in two sessions separated by 24 h. The first session, lasting 15 min, was conducted to habituate the rats to the test situation, thereby providing a stable, high level of immobile behavior during the 5 min test session 24 h later (Porsolt et al., 2001 ). The time the animal spent immobile was recorded. Immobility was considered as passive floating without struggling, slightly hunched but upright position with the head slightly immersed and minor movements necessary to maintain the head above water (Porsolt et al., 2001; Sevelinges et al., 2011) . Following the test, animals were dried, placed in a 32°C chamber for 15 min, and returned to home cages.
Neural assessment of amygdala after forced swim test
Ninety minutes following the end of forced swim test, animals were decapitated, and their brains were removed, frozen, and stored in a Ϫ70°C freezer. Brains were sectioned in a cryostat (20 m) at Ϫ20°C. Every fourth section was collected for immunohistochemistry, and every fifth section was collected for cresyl violet staining. c-Fos sections received a 15 min postfix in 4% paraformaldehyde/0.1 M phosphate buffer (PB), pH 7.4. Following fixation, the sections were rinsed first in 50 mM Tris-HCl, 150 mM NaCl buffer (TBS), pH7.4, and after in TBS plus 0.05% Tween 20 (TBS-T). To eliminate peroxidase activity, sections were incubated in 1% H 2 O 2 and 70% methanol for 15 min. Following TBS and TBS-T rinses, slides were incubated in a blocking solution containing 2% normal goat serum (Jackson ImmunoResearch) and 3% albumin for 2 h. Slides were then treated overnight at 4°C with the primary antibody [anti-c-Fos (Ab5) (4 -17) Rabbit pAb, Calbiochem] diluted 1:15,000 in blocking solution. Afterward, they were incubated in the secondary antibody (goat anti-rabbit IgG, Jackson ImmunoResearch) diluted 1:500 in 50% blocking solution for 1 h at room temperature followed by TBS and TBS-T rinses. Subsequently, the sections were treated for 90 min in avidin-biotin-peroxidase complex solution (ABC kit, Vector Laboratories). Slides were then rinsed in TBS and TBS-T and treated with a solution containing 3.3Ј-diaminobenzidine, H 2 O 2 and nickel (Vector Laboratories), dehydrated in alcohol and xylene, and finally coverslipped for microscope examination.
c-Fos-positive cells were counted bilaterally using a microscope (Olympus) with 10ϫ objective equipped with a drawing tube. Brain areas were outlined using the corresponding cresyl violet sections according to a stereotaxic rat brain atlas (Paxinos and Watson, 1997) . All c-Fospositive cells were distinguished from background by density of staining, shape, and size of cells, and were counted without knowledge of the experimental condition. The mean number of c-Fos cells per brain area for an animal was determined by averaging the counts from three sections per brain area. We examined basal, lateral, cortical, medial, and central amygdala nuclei.
Surgery and amygdala infusion before forced swim test
On P42, rats were anesthetized by isoflurane inhalation and placed in a stereotaxic apparatus. Stainless steel cannulae (30 gauge tubing) were implanted bilaterally in the amygdala through holes drilled in the overlying skull. Stereotaxic coordinates, derived from the atlas by Paxinos and Watson (1997) , were used for implanting cannulae into the amygdala (caudal: 2.1 mm from bregma; lateral: 5.0 mm from bregma). Cannulae were lowered 6.5 mm from the surface of the brain, placing the tip near the amygdala and were fixed to the skull with dental cement. To ensure patency of the cannulae, guide wires were placed in the lumen of the tubing until testing. After recovery from surgery (generally within 30 min), rats were returned to the home cage for a 3 d recovery period until testing. On P45, animals received the first day of the forced swim test. On P46, before the second day of forced swim test, rats' bilateral cannulae were attached via PE10 tubing to a Harvard Apparatus syringe pump driving two Hamilton microliter syringes. The cannulae were filled (16 s at 0.5 l/min) with muscimol (1 g/l dissolved in 0.9% saline; GABA A receptor agonist, Sigma) or physiological saline (0.9%). Rats received muscimol or saline infused at 0.1 l/min for 5 min, for a total infusion volume of 0.5 l. After infusion, 1 min was allowed for diffusion before removing the PE10 tubing. The forced swim test started 15 min following saline or muscimol infusion.
Verifying cannula placement
After testing, brains were removed, frozen, sectioned (20 m) in a Ϫ20°C cryostat, and cresyl violet stained for identification of the cannula placement in relation to amygdala using an atlas (Paxinos and Watson, 1997) .
Statistical analysis
Data were analyzed by ANOVA followed by post hoc Fisher tests. Correlation between immobility in the forced swim test and c-Fos expression in the amygdala nuclei were assessed by Pearson's r correlation analysis. Differences were considered significant when p Ͻ 0.05.
Results
Behavior
Social behavior
Both early-life abuse paradigms (abusive mother and odor-shock conditioning) induce dysfunctional social behavior as early as P20 ( Fig. 1 A, B) . Our results show that P20 rats that had been raised by an abusive mother or had undergone odor-shock conditioning from P8 to P12 spent significantly less time in the chamber with the social stimulus than control rats (F (2,17) ϭ 34.35, p Ͻ 0.0001) (Fig. 1 A) . This dysfunctional social behavior persists until adolescence (P45), where rats that had been raised by an abusive mother or had undergone odor-shock conditioning from P8 to P12 also spent significantly less time in the chamber with the social stimulus than controls (F (2,17) ϭ 5.40, p Ͻ 0.02) (Fig. 1 B) . No difference was found at P20 (F (2,17) ϭ 1.69) (Fig. 1C ) and P45 (F (2,17) ϭ 0.56) (Fig. 1 D) in the number of times that the rats that had been raised by an abusive mother or had undergone odor-shock conditioning crossed between the chambers with and without the social stimulus when compared with the control rats, indicating that the reduction of time spent in the chamber with the social stimulus was not due to deficits in locomotion.
Forced swim test
Our results show that both early-life abuse paradigms did not induce depressive-like behavior in preweaning rats, but both paradigms were able to induce depressive-like behavior during adolescence (P45) (Fig. 2 A, B) . Specifically, at P20 in a forced swim test, no difference in the time spent immobile was found between Figure 1 . A, B, Social interaction test of preweaning (P20; A) and adolescent (P45; B) rats that were abused during early life (reared by a naturally abusive mother or received daily odor-shock conditioning from P8 to P12) and controls. Preweaning and adolescent rats of both abuse paradigms spent significantly less time in the chamber with the social encounter when compared with control rats. C, D, Number of crossings between the chambers with and without the social stimulus of preweaning (P20; C) and adolescent (P45; D) rats that were abused during early life. No difference was found between groups at either age. *p Ͻ 0.05, significant difference from each group (n ϭ 5-7 for all groups).
Figure 2. A, B,
Forced swim test of preweaning (P20; A) and adolescent (P45; B) rats that were abused during early life (reared by a naturally abusive mother or received daily odor-shock conditioning from P8 to P12) and controls. Only adolescent rats reared in both abuse paradigms spent significantly more time immobile when compared with control rats. *p Ͻ 0.05, significant difference from each group (n ϭ 5-8 for all groups).
groups (F (2,17) ϭ 0.02, p ϭ 0.98) (Fig. 2 A) . However, at P45, rats that had either been raised by an abusive mother or had undergone odor-shock conditioning from P8 to P12 spent significantly more time immobile than controls (F (2,18) ϭ 23.20, p Ͻ 0.0001) (Fig. 2 B) .
Amygdala neural assessment in response to forced swim test
Using c-Fos immunohistochemistry, assessment of amygdala neural activity in response to forced swim test in rats that received infant odor-shock conditioning or that were raised by an abusive mother revealed that no amygdala nuclei analyzed (lateral, basal, central, medial, and cortical) were activated by forced swim during the preweaning period (P20) (Fig. 3A-E) . However, during adolescence (P45) (Fig. 3F-J 
Temporary inactivation of the amygdala during forced swim test
Temporary deactivation of the amygdala with muscimol (a GABA A receptor agonist), during the forced swim test rescued the depressive-like behavior during the forced swim test in adolescent animals (P45) that were raised by an abusive mother (Fig. 4 A) . A significant interaction between condition and drug infusion was detected (F (1,20) ϭ 16.50, p Ͻ 0.0006).
Post hoc Fisher tests revealed that rats raised by an abusive Figure 3 . A-J, Amygdala neural activity was assessed with c-Fos immunohistochemistry in response to the forced swim test in preweaning (P20; A-E) and adolescent (P45; F-J ) rats that were abused during early life (reared by a naturally abusive mother or received daily odor-shock conditioning from P8 to P12) and controls. No significant difference in amygdala c-Fos expression was found in preweaning rats. In adolescence, the lateral, basal, and central amygdala nuclei of rats that were abused during infancy exhibited significantly more c-Fos expression when compared with control rats. Bars represent the number (mean Ϯ SEM) of c-Fos-positive cells counted bilaterally in each amygdala nucleus. *p Ͻ 0.05 between groups (n ϭ 4 -5 for all groups). K, Representative photomicrographs of lateral amygdala from control, abusive mother, and odor-shock groups at P45 displaying c-Fos immunoreactive neurons. L, Schematic representation of amygdala nuclei analyzed. BLA, Basal; LA, lateral; CeA, central; MeA, medial; CoA, cortical). The square inside lateral amygdala indicates the approximate position of the representative photomicrographs.
mother and infused with saline into the amygdala before the forced swim test spent significantly more time immobile than control rats infused with either saline or muscimol. However, rats raised by an abusive mother and infused with muscimol into the amygdala before the forced swim test showed no difference in time spent immobile compared with controls infused with either saline or muscimol.
Discussion
The present results indicate that both models of early-life abuse (natural abusive mother or odor-shock conditioning) induce similar and dynamic neurobehavioral changes during development. Specifically, social behavior deficits were found just before weaning (P20) and in adolescence (P45), but depressive-like behaviors were seen only during adolescence in both models. Additionally, only the depressive-like behavior during adolescence was associated with increased amygdala activation in central, lateral, and basal nuclei. A causal relationship between the amygdala and the depressive-like behavior was suggested through temporary amygdala deactivation, which rescued the depressive-like behavior, as assessed by the forced swim test.
Ontogeny of early-life abuse deficits: dysfunctional social behavior is followed by depressive-like behavior Our results confirm the clinical (Gunnar, 2003; Teicher et al., 2003; Cicchetti and Toth, 2005; Stovall-McClough and Cloitre, 2006; Heim et al., 2009 ) and animal (Sánchez et al., 2001; Cameron et al., 2005; McEwen, 2008; Cirulli et al., 2009; Sevelinges et al., 2011) literature indicating that early-life abuse constitutes a major risk factor for the development of psychopathologies, including depression. Additionally, our results establish an ontogenetic pattern for the neurobehavioral deficits induced by both early-life abuse models (abusive mother and odor-shock conditioning). Specifically, rats that experienced early-life abuse initially showed only social behavior deficits, but by adolescence also expressed depressive-like behaviors. This delayed manifestation of depressive-like behavior until adolescence is also observed in the clinical population (Costello et al., 2002; Andersen and Teicher, 2008; Paus et al., 2008; Zahn-Waxler et al., 2008; Gogtay et al., 2011) . Furthermore, we suggest that these social behavior deficits preceding depressive-like behaviors in rats are comparable to childhood dysfunctional social behavior preceding depressive symptoms during adolescence as described in the clinical literature (Mason et al., 2004; Letcher et al., 2009; Mazza et al., 2009 ). Finally, depressive-like behaviors observed in adolescence persist into adulthood, as observed through assessment of sucrose consumption and forced swim tests in adult rats receiving odorshock conditioning during infancy (Sevelinges et al., 2011 or being raised by an abusive mother (S. Colcombe, C. Raineki, M. Rincó n Cortés, B. Biswal, R. Bisaz, D. Guilfoyle, R. M. Sullivan, and F. X. Castellanos, unpublished observations).
Amygdala's role in the ontogeny of depressive-like behavior of early-life abused rats Emotional regulation is a complex function that requires the dynamic interconnection of several brain regions, including the amygdala, hippocampus, and prefrontal cortex (Drevets, 2001; Drevets et al., 2008; Rigucci et al., 2010; Ritchey et al., 2011) . Abnormal function of any of these highly interconnected regions has been implicated in depression and antidepressant action (Berton and Nestler, 2006; Nestler, 2008, 2010) . Additionally, many patients with depression have been found to have amygdala abnormalities (Teicher et al., 2002 ; Bremner, Figure 4 . A, Temporary deactivation of the amygdala with muscimol (GABA A agonist) during the forced swim test rescues the depressive-like behavior in adolescent animals (P45) that were raised by an abusive mother from P8 to P12. *p Ͻ 0.05 between groups (n ϭ 5-7 for all groups). B, Representative cannula placement in the amygdala for animals receiving either muscimol or saline infusions. Schematic brain section images are displayed from most rostral to most caudal. C, Photomicrograph of representative cannula placement in the amygdala.
2003; McEwen, 2003; Ressler and Mayberg, 2007; Savitz and Drevets, 2009; Sibille et al., 2009) . Research investigating the effects on children exposed to early-life abuse has demonstrated a stronger link among abnormal amygdala function, social behavior problems, and depressive-like behaviors (Heim and Nemeroff, 1999; Teicher et al., 2002 Teicher et al., , 2003 , which has been modeled in rats (Huang and Lin, 2006; Sabatini et al., 2007; Leussis and Andersen, 2008; Kuramochi and Nakamura, 2009; Sevelinges et al., 2011) . Indeed, the amygdala-specifically the basolateral complex-has been defined as a part of the neural circuitry activated with depressive-like symptoms and the forced swim test (Duncan et al., 1993; Huang and Lin, 2006; Coryell et al., 2009) . Here, we have been able to demonstrate the relationship of early-life abuse, increased neural activity of the amygdala, and adolescent depressive-like behavior using our two models of early-life abuse. A causal link is suggested by the fact that temporary deactivation of the amygdala with muscimol (a GABA A receptor agonist) in adolescent rats with infant abuse was able to reverse depressivelike behaviors as indicated by the normalized performance on the forced swim test.
Advantages of using two early-life abuse paradigms By using two different early-life abuse paradigms, we were able to explore the ontogeny of depressive-like behaviors and amygdala dysregulation. The first model is a naturalistic abusive paradigm developed by Baram's laboratory (Gilles et al., 1996; AvishaiEliner et al., 2001; Ivy et al., 2010) and has been used in our laboratory (Roth and Sullivan, 2005; Raineki et al., 2010) to provide ecological validity to the more controlled odor-shock conditioning model. This natural abusive paradigm reflects the complex dynamics of an abusive relationship experienced by children and the particular susceptibility to developing later-life pathology, including depression (Schore, 2001; Gunnar, 2003; Teicher et al., 2003; Cicchetti and Toth, 2005; Stovall-McClough and Cloitre, 2006; Heim et al., 2009) . By providing a limited bedding environment, we are able to change the mother's behavior, inducing an abusive phenotype where the mother spends more time trying to build a nest, spends more time away from the nest, handles pups roughly, and steps on pups (Table 1) . Consequently, pups spend less time nursing and show increases in vocalizations, although they show normal weight gain (Raineki et al., 2010) . As a consequence of being raised in this paradigm, pups exhibit dysfunctional social behavior with the mother during early infancy that is supported by abnormal amygdala activation, although stress (corticosterone) is required to uncover these effects (Raineki et al., 2010) . Together, these findings suggest that the quality of the first social relationships during infancy programs the development of emotional and cognitive abilities. The second model, which involves infant olfactory classical conditioning, provides additional information about specific circuitry activated during infancy to produce the later-life brain and behavior dysfunctions. Specifically, this procedure of pairing a neutral odor with a painful 0.5 mA shock can capitalize on the well documented neural circuitry in both adult (LeDoux, 1998; Fanselow and LeDoux, 1999; Maren, 2003) and infant rats (Sullivan et al., 2000; Barr et al., 2009; Raineki et al., 2009) , facilitating comprehension and interpretation of experimental results. Another advantage of infant odor-shock conditioning is the fact that the odor paired with shock before P10 uses the same neural pathway the infant rat naturally uses to learn maternal odor, although the amygdala fails to show plasticity (Sullivan et al., 2000; Raineki et al., 2009 ). As such, the neutral odor paired with shock acquires the quality/value of the maternal odor, and is able to control mother-pup social behavior (Sullivan et al., 2000; Raineki et al., 2010) . Similar to the naturally abusive paradigm, animals that receive odor-shock conditioning also display dysfunctional social behavior with the mother that is supported by abnormal activation of the amygdala when under stress (Raineki et al., 2010) . Importantly, previous research has shown that animals receiving the same number of shocks during infancy, but in an unpredictable manner, later fail to show depressive-like behavior or amygdala dysregulation (Sevelinges et al., 2011) , although they do express heightened anxiety (Tyler et al., 2007) . Thus, pain during infancy is insufficient to produce the later-life abnormalities observed in the present study.
Implications
Understanding the ontogeny of the underlying mechanisms of neurobehavioral deficits induced by early-life abuse is a crucial step toward the development of specific strategies for preventing and/or treating resultant psychopathologies in these individuals. Unfortunately, neither clinical nor animal research has completely elucidated these mechanisms. The results presented here expand our knowledge of potential underlying mechanisms by establishing rodent models of well characterized phenomena from the clinical literature and linking the abnormal activation of an important structure such as the amygdala to the negative effects of early-life abuse. Indeed, these models establish an ontogenetic pattern that could be used to study the clinical profile of social behavior deficits that generally precede later-life mental dysfunction.
